Summary: In exercise, little is known about local cere bral glucose utilization (LCGU), which is an index of functional neurogenic activity. We measured LCGU in resting and running (=85% of maximum O2 uptake) rats (n = 7 in both groups) previously equipped with a tail artery catheter. LCGU was measured quantitatively from 2-deoxY-D-[1-14C]glucose autoradiographs. During exer cise, total cerebral glucose utilization (TCGU) increased by 38% (p < 0.005). LCGU increased (p < 0.05) in areas involved in motor function (motor cortex 39%, cerebel lum = 110%, basal ganglia =30%, substantia nigra =37%, and in the following nuclei: subthalamic 47%, posterior hypothalamic 74%, red 61%, ambiguus 43%, pontine 61 %), areas involved in sensory function (somatosensory 27%, auditory 32%, and visual cortex 42%, thalamus =75%, and in the following nuclei: Darkschewitsch 22%, cochlear 51%, vestibular 30%, superior olive 23%, cuPronounced motor, sensory, and autonomic ad aptation is known to occur in response to both static and dynamic exercise. Such changes must be thought to evoke marked regional changes in cere bral functional activity, but little is known about the effect of exercise on regional cerebral blood flow and in particular on regional cerebral metabolism, which are both indexes of the functional activity of regional neurons (Sokoloff, 1991(Sokoloff, , 1992 
neate 115%), areas involved in autonomic function (dor sal raphe nucleus 30%, and areas in the hypothalamus =35%, amygdala =35%, and hippocampus 29%), and in white matter of the corpus callosum (36%) and cerebel lum (52%). LCGU did not change with exercise in pre frontal and frontal cortex, cingulum, inferior olive, nu cleus of solitary tract and median raphe, lateral septal and interpenduncular nuclei, or in areas of the hippocampus, amygdala, and hypothalamus. Glucose utilization did not decrease during exercise in any of the studied cerebral regions. In summary, heavy dynamic exercise increases TCGU and evokes marked differential changes in LCGU. The findings provide clues to the cerebral areas that par ticipate in the large motor, sensory, and autonomic adap tation occurring in exercise. Key Words: Autoradiogra phy-Brain glucose metabolism-2-Deoxyglucose.
primarily measures cortical blood flow, have shown increased flow (Herholz et aI., 1987; Thomas et aI., 1989) or no change in flow (Globus et aI., 1983) . The radioactive microsphere method shows no change in total cerebral blood flow during dynamic exercise (Gross et aI., 1980; Musch et aI., 1987) , whereas regional redistribution of cerebral flow has been demonstrated (Gross et aI., 1980) .
The quantitative 2-deoxY-D-[1-14C]glucose (2DG)
method to measure local cerebral glucose utilization (LCGU) was introduced by Sokoloff et al. in 1977. With this technique 2DG is trapped intracellularly according to the metabolic activity of the cells, and the method is therefore a powerful tool for mapping regional differences in tissue glucose uptake with a high resolution. The method has been applied to study LCGU during a variety of physiological and pathophysiological conditions (Sokoloff, 1992) and has been modified to study local muscular glucose utilization during dynamic exercise (Vis sing et aI.,
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1988a). The effect of dynamic exercise on LCGU, however, has not been examined. Evaluation of LCGU during exercise may give important insight into which regions of the brain are involved in evok ing the pronounced muscular, sensory, and auto nomic adaptation occurring during exercise. In the present study, regional and total glucose metabo lism in the brain was investigated during dynamic exercise using the quantitative 2DG method. Exper iments were performed in rats at rest and during running on a treadmill at =85% of maximum oxygen consumption.
METHODS
The experiments were performed in 14 male Wi star rats weighing between 353 and 408 g. The rats were kept in a room with a constant temperature of 23°C, with lights on from 6 a.m. to 6 p.m., and with free access to water and ordinary rat chow. The rats were accustomed to running unforced on a rodent treadmill at a speed of 28 m/min. The rats ran for 35 min daily in the 7 days preceding the experiment. Rats were excluded if they were unwilling to run unforced or lost weight during the training period.
Surgery
Approximately 20 h before the experiment, the rat was anesthetized with Immobilon Vet (0. 01 mllIOO g body wt s. c. , a neuroleptic anesthetic containing 0.125 mg etor phine and 0.4 mg acepromazine/ml; Pharmacia, Den mark), and the caudal artery at the base of the ventral part of the tail was cannulated. Ampicillin (5 mg/lOO g body wt) was administered to prevent infection and the cannula was flushed with heparin (0. 3 ml, 500 IE/mI). The cannula was a modified version of a Venflon (0. 8 mm O.D. , length 25 mm; Viggo AB, Helsingborg, Sweden). A thin metal net was wrapped around the tail to protect the catheter. An Immobilon antidote, Revivon Vet (0. 01 mill 00 g body wt s.c., containing 6 mg diprenorphine/ml; Pharmacia) was administered postoperatively. This limited the dura tion of the anesthesia to < 15 min. In contrast to carotid artery cannulation in the rat (Vis sing et ai. , 1988b) , the rats cannulated in the tail artery in the present study maintained body weight postoperatively. Twenty hours after the tail artery cannulation, the rats had gained 6 ± 4 g (mean ± SD) in weight.
Experimental protocol
All experiments were started at 9-10 a.m. The rats were randomized to a resting or a running group. When perl'orming resting experiments, a transparent plexiglass platform was positioned a few millimeters above the mov ing track of the treadmill, so that the rats could be studied inside the treadmill while the track was running. In this way, differences in LCGU between resting and running rats due to audiovisual and mental influence from the moving treadmill were minimized. The arterial catheter was extended so that injections and blood sampling could be performed without disturbing the rat. A bolus injection of 35 f.LCi 2DG (Amersham) was given intraarterially and the cannula was subsequently flushed twice with saline. In the running group, the rats ran for 5 min prior to the injection to avoid measurement of tracer uptake into tis-J Cereb Blood Flow Metab. Vol. 16. No.4, 1996 sues in the transitory period from rest to exercise where cardiovascular and metabolic variables are far from being in steady state. Following the 2DG injection, the rats were either resting or running for 30 min, and arterial blood was sampled for analysis of plasma 2DG and glu cose at the times depicted in Fig. 2 . The running speed was 28 m/min, which corresponds to =85% of maximum oxygen consumption in the Wi star rat (Sonne, 1989) . Af ter the 30-min blood sample, the rats were anesthetized with pentobarbital sodium (5 mg/lOO g body wt intraarte rially) and decapitated. The brains were removed within 3 min and frozen in isopentane, cooled to -60°C by dry ice in acetone.
Blood sampling and analytical procedures
The blood samples were immediately transferred to precooled microtubes and centrifuged in a Beckman mi crofuge. Plasma glucose was determined by the glucose oxidase method (glucose analyzer model 23A; Yellow Springs Instruments). Plasma activity of 2DG was deter mined by counting plasma samples in a Mark III liquid scintillation system (model 6880; Searle Analytic, Skokie, IL, U.S. A. ). Correction for counting efficiency was car ried out by comparing known amounts of tracer in plasma with plasma samples from the experiment.
Autoradiography
Serial 20-f.Lm-thick coronal sections of the brain were cut at -22°C in a cryostat. Every tenth section was dried on a glass coverslip placed on a hot plate at 60°C. The dried brain slices were placed on x-ray films along with a set of 14C-calibrated methyl methacrylate standards for 3 weeks. Adjacent brain sections were stained a.m. Klu ver-Barrera for positive identification of the correspond ing anatomical structures seen in the autoradiographs. The atlas of Paxinos and Watson (1982) was used as ref erence. The density of the autoradiographs was measured with a Leitz T AS-plus computerized image analyzer and was converted to radioactivity by a third degree polyno mial standard curve established for each film (Gjedde and Diemer, 1985) . The density was determined in 73 regions and in the whole brain. Each region was measured in both hemispheres. In addition, the density of large regions was measured in all consecutive autoradiographs in which they were present. No regions showed significant differ ences in LCGU between the two hemispheres. Accord ingly, reported values of LCGU are presented as the av erage values for both hemispheres, and for larger regions present on several autoradiographs, values are averages for all measured sections. When a region was present in more than one section, the area of the region in each section was weighted before an average LCGU was cal culated. Total cerebral glucose utilization (TCGU) was measured separately and was calculated from the mea sured density of the whole-brain autoradiograph. As for LCGU, the contribution of each brain section to TCGU was weighted according to the area of the brain section. Cerebral glucose utilization was calculated as described by Sokoloff et ai. (1977) , using the same lumped constant and gray and white matter rate constants as published then.
Statistical evaluation
Values are presented as means ± SD. Differences be tween resting and exercising rats were evaluated by the Mann-Whitney rank sum test for unpaired data; p < 0.05 was considered significant (two-tailed testing).
RESULTS
Cerebral glucose utilization (Table 1 can be expected to be functionally related to exer cise showed increases in LCGU during exercise (i.e., inferior olive, prefrontal and frontal cortex, ventromedial hypothalamus, median raphe n.).
Plasma glucose concentration and plasma disappearance of 2DG (Fig. 2) In resting rats, the plasma glucose concentration was stable during the experimental period. In run ning rats, the plasma glucose concentration also re mained stable in the first 10 min of exercise, but increased (p < 0.05) from t = 15 min to the end of exercise compared with levels at rest. Except for t = 30 min, where plasma glucose was higher in run ning than resting rats (p < 0.05), plasma glucose did not differ between the two groups.
The rate of disappearance of 2DG tended to be higher (p < 0.10) in the exercising group than in the resting group, probably as a result of a higher 2DG uptake in muscles during exercise.
DISCUSSION
The principal new finding in the present study is the increase in TCGU and the marked redistribution of LCGU occurring during running. Marked exer cise-induced increases in LCGU were found in cerebral gray matter structures involved in motor, sensory, and autonomic function as well as in white matter structures in the cerebellum and corpus cal losum. The findings provide clues to the function ally active areas in the brain that participate in the pronounced motor, sensory, and autonomic adap tation occurring during exercise.
The effect of dynamic exercise on LCGU has not been studied extensively before. LCGU during static and low-intensity dynamic arm exercise has been studied in monkeys, and for both types of ex ercise, increases in LCGU were observed in senso rimotor cortex in the hemisphere contralateral to the moving forelimb (Schwartzman et al., 1981; Sa vaki et al., 1993) . LCG U has also been studied in mice during two stages of the light-dark cycle in which the mice are "drowsy" and "active," re spectively (Jay et al., 1985) . In parallel with findings in the present study, LCGU increased in active ver sus drowsy mice in the thalamus, amygdaloid n., and sensorimotor and auditory cortex. The differ ences in LCGU between active and drowsy mice, however, were smaller than those observed be tween resting and running rats in the present study.
Furthermore, LCGU of the cerebellum, visual cor tex, and lateral hypothalamic, red, subthalamic, and pontine reticular nuclei, which was significantly elevated by exercise in the present study, did not differ significantly in active versus drowsy mice, although qualitatively the changes in LCGU were the same as those in the present study. Some of these differences in LCGU between the two studies undoubtedly reflect variations in work intensity and the lack of quantitative assessment of work inten sity in active and drowsy mice.
Cerebral 2DG uptake has also been studied dur ing high levels of mental stress in swimming rats (Sharp, 1976) . Neither exercise intensity nor quan titative LCGU was assessed. However, in corrob oration with the present findings, the highest den sity of 2DG was found in the cerebellum, and the density of 2DG never decreased in any region of the brain during swimming, indicating an increase in TCGU during exercise.
The measured resting values of LCGU in the present study are comparable with those found by others in resting rats (Sokoloff et al., 1977) . The small increase in plasma glucose concentration oc curring late in the exercise period in running rats has no significant influence on the calculations of LCGU (Schuier et al., 1990) .
Apart from the moderate decrease in TCGU that has been demonstrated during deep sleep (Kennedy et al., 1982) , impaired consciousness (Sokoloff, 1989) , and anesthesia (Sokoloff et al., 1977) and the Values are mean ± SD for seven rats in each group. Also shown are percentage change from rest to exercise (d%) and statistical significance of differences in local cerebral glucose utilization between the two groups (p value).
increased levels of TCG U during epileptic seizures (Duncan, 1992) , TCGU is thought to change very little with physiological alterations in cerebral func tional activity (Sokoloff, 1991 In contrast to the increase in TCGU during exer cise in the present study, total cerebral blood flow during light, moderate, and heavy dynamic exercise does not increase significantly in dogs when mea sured by the radioactive microsphere method (Gross et al., 1980; Musch et al., 1987) . However, significant local increases in flow were seen in the sensorimotor cortex and cerebellum during moder ate exercise but not during light exercise (Gross et al., 1980) . In accordance with this, cortical flow, as measured by the 133Xe washout technique, in creases during moderate and heavy exercise (Her holz et al., 1987; Thomas et al., 1989) , but not dur ing light dynamic exercise (Globus et al., 1983) in humans. The apparent discrepancy between the highly significant increase in TCGU in the present study and the lack of significant increases in total cerebral blood flow during exercise in dogs (Gross et al., 1980; Musch et al., 1987) Kluver-Barrera-stained histological sections (left) and autoradiographs (middle) from a resting rat and autoradiographs from a rat that ran at a speed of 28 m/min for 20 min (right). The optical densities in the two animals give only a semiquantitative idea of differences in local cerebral glucose utilization. ac, anterior commissure; acb, accumbens n.; ar, arcuate hypothalamic n.; aud, auditory cortex; bas, basilar artery; CAl and CA3, hippocampus (field of CA1 and CA3 of Ammon's horn); cc, corpus callosum; cg, cingulum; cm, central amygdaloid n.; CO, cochlear n.; cp, basal cerebral peduncle; cpu, caudate putamen; d, n. of Oarkschewitsch; dm, dorsomedial hypothalamic n.; fpc, frontoparietal cortex; g, gelatinosus thalamic n.; gp, globus pallidus; ic, internal capsule; ip, interpositus cerebellar n.; la, lateral amygdaloid n.; Ic, lateral cerebellar (dentate) n.; Id, laterodorsal thalamic n.; 10, lateral olfactory tract; Is, lateral septal n.; m, mammillary n.; rna, medial amygdaloid n.; mg, medial geniculate n.;
op, optic tract; pf, paraflocculus; po, primary olfactory cortex; py, pyramidal tract; r, red n.; rt, reticular thalamic n.; snc and sm, substantia nigra compact and reticular zones; So, superior olive; Sp5, spinal tract of trigeminal nerve; ve, vestibular n.; vi, ventrolateral thalamic n.; vm, ventromedial thalamic n.; vmh, ventromedial hypothalamic n.; zi, zona incerta. 
